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Phytohormones mitigate salt stress damage in radish’

Fitormonios diminuem os danos causados pelo estresse salino em rabanete
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HIGHLIGHTS:
Phytohormones mitigate the reduction of chlorophyll in salt-stressed radish, sustaining photosynthesis.
Stomatal regulation by phytohormones enhances radish photosynthesis under salt stress.
Phytohormones influence radish tuber, promoting growth and improving shape.

ABSTRACT: Phytohormones play a pivotal role in regulating plant growth and responding to salt stress, aiding
in signal perception and defense system mediation. With this, the objective of the present study was to assess the
impact of phytohormone application in mitigating the harmful effects of salt stress on radish. Three levels of NaCl
(0, 50, and 100 mM) and five phytohormones (jasmonic acid, salicylic acid, cytokinin, gibberellin, and polyamine)
plus a control treatment (deionized water) were studied. The application of phytohormones such as jasmonic acid
and cytokinin improved photosynthetic efficiency, and diameter, length, and total soluble solids content of tuber.
Under salt stress conditions, plants showed adaptations in gas exchange, varying their rates of photosynthesis and
transpiration. Furthermore, an effective balance between carbon assimilation and water loss was observed in some
plants. The application of phytohormones counteracted salt stress, safeguarding chlorophyll, sustaining gas exchange,
and promoting plant growth of radish. Consequently, use of phytohormones represents an alternative for radish
cultivation under salt stress.
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RESUMO: Os fitormonios desempenham um papel fundamental na regulagdo do crescimento das plantas e na
resposta ao estresse salino, auxiliando na percep¢io de sinais e mediac¢do do sistema de defesa. Com isso, o objetivo
do presente estudo foi avaliar o impacto da aplica¢ao de fitormdnios na mitigacio dos efeitos prejudiciais do estresse
salino em rabanete. Trés niveis de NaCl (0, 50 e 100 mM) e cinco fitormdnios (acido jasmonico, acido salicilico,
citocinina, giberelina e poliamina) e tratamento controle (dgua deionizada) foram estudados. A aplicagdo de
fitormonios, como acido jasmonico e citocinina melhorou a eficiéncia fotossintética, didmetro, comprimento e teor de
solidos soltveis totais de tubérculo. Sob condi¢des de estresse salino, as plantas demonstraram adaptagdes nas trocas
gasosas, variando suas taxas de fotossintese e transpiragdo. Além disso, foi observado um equilibrio eficaz entre a
assimilagdo de carbono e a perda de 4gua em algumas plantas. A aplicagdo de fitormonios contrabalangou o estresse
salino, protegendo a clorofila, mantendo as trocas gasosas e promovendo o crescimento das plantas de rabanete.
Consequentemente, o uso de fitormonios representa uma alternativa para o cultivo de rabanete sob estresse salino.

Palavras-chave: Raphanus sativus, indices de clorofila, trocas gasosas, crescimento
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INTRODUCTION

Environmental stressors exert a detrimental impact on the
overall growth performance of plants (Qin et al., 2024). Salinity
exerts detrimental effects on the photosynthetic machinery,
transpiration, and gas exchange by diminishing chlorophyll
and carotenoid levels, disrupting chloroplast ultrastructure
and the PSII system, and decreasing stomatal conductance
(Pan et al., 2021). Furthermore, soil salinity reduces both soil
water potential and leaf water potential, disrupting plant water
relations, diminishing plant turgor, and ultimately leading to
osmotic stress (Navada et al., 2020). Precise control of leaf
gas exchange plays a pivotal role in enhancing tolerance to
abiotic stresses, such as salt exposure (Montanaro et al., 2022).
Amongst the myriad of biochemical processes, photosynthesis
stands out as highly susceptible to environmental stress, with
the photosynthetic apparatus ranking among the most stress-
sensitive components in plants (Hudecek et al., 2023).

Phytohormones play a vital role in how plants respond to
salt stress, as they oversee the regulation of plant growth and
facilitate adaptations in development because they contribute
to perceiving salt stress signals and mediating the plant’s
defense system (Zhao et al., 2021). Jasmonic acid, salicylic acid,
cytokinin, and polyamine have been reported as mitigators
of damage caused by salt stress in plants (Naeem et al., 2020;
Azzam et al,, 2022; Silva et al., 2022a; Hudecek et al., 2023;
Henschel et al., 2023).

Radish (Raphanus sativus L. — Brassicaceae) is classified as
moderately sensitive to salt stress, and when exposed to high
salt levels, it experiences a decline in photosynthetic capacity,
growth, and ultimately yield (Henschel et al., 2023). Salicylic
acid (Ulukapi et al., 2020; Mahdavian, 2023), methyl jasmonate
(Henschel et al., 2023), gibberellic acid (Mishra et al., 2019),
and polyamine (Cavusoglu et al.,, 2008) have been reported
as mitigators of salt stress-induced damage in radish plants.
Thus, the objective of this study was to assess the impact of
phytohormone application in mitigating the harmful effects
of salt stress on radish.

MATERIAL AND METHODS

The experiment was conducted in a greenhouse with an
upper covering of 150-micron polyethylene plastic film, and
the sides were covered with plastic film and shade cloth (from
the base up to 1.5 m in height), located at the Department of
Agronomy of the Universidade Federal de Vigosa, Vigosa,
Minas Gerais, Brazil. The average temperature and relative
humidity inside the greenhouse were 25 °C and 59.5%,
respectively.

The study employed a completely randomized design in a
3 x 6 factorial scheme, with four replicates. The factors were
three levels of NaCl (0, 50, and 100 mM) representing varying
degrees of salt stress (no stress, moderate stress, and severe
stress (Silva et al., 2022a) and five phytohormones plus a control
treatment: control (deionized water), jasmonic acid (200 uM -
Silva et al., 2022a), salicylic acid (1 mM - Mahdavian, 2023),
cytokinin (6-benzylaminopurine - 10 pM - Silva et al., 2022a),
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gibberellin (GA, - 50 mM - Mishra & Nagaich, 2019), and
polyamine (spermine - 1 mM - Silva et al., 2022a).

Radish seeds, variety ‘Cometa’ (Isla’), were plantedin 1.2 L
pots filled with commercial substrate (Topstrato, EC=0.5+0.3
dS m; pH=5.8+0.3). Three seeds were placed in each pot,
and after emergence, only the most vigorous seedling was kept.

Between 8 and 35 days after planting (DAP), daily irrigation
was carried out using solutions of 0, 50, and 100 mM NaCl
Phytohormones were dissolved in deionized water, and
0.05% Tween 20" was added as a surfactant to enhance plant
absorption. The control group received a solution of deionized
water and 0.05% Tween 20°. Each plant was sprayed with
approximately 3 mL of the respective solution according to
treatment. The applications of phytohormones were carried
out weekly, in a total of four. Additionally, the plants received
weekly fertigation with a solution containing 2 g L' of NPK
20-20-20 fertilizer enriched with micronutrients (Peters’).

Chlorophyll indices were measured using a non-destructive
chlorophyll analyzer (Clorofilog, Falker’), quantified in the
form of Falker Chlorophyll Index (FCI). Gas exchange and
chlorophyll indices were analyzed at 35 DAP. Gas exchange
was assessed using an infrared gas analyzer (IRGA - model
LCPro, ADC BioScientific Ltd."), and measurements were
taken between 8:00 and 9:00 a.m. on a specific day. Stomatal
conductance (gs - mol H,O m™s™), net photosynthesis (A =pmol
CO, m?s"), transpiration (E=mmol H,O m?s"), internal CO,
concentration (Ci=pmol CO, mol™ air), instantaneous water
use efficiency (WUE = A/E), and intrinsic water use efficiency
(iWUE = A/gs) were evaluated.

All data were collected at 35 DAP. The measurements
were taken on the fully expanded uppermost leaf, with three
readings per leaf at different points. Tuber diameter (mm),
tuber length (mm), shape, tuber fresh mass (g), and total
soluble solids (°Brix) were evaluated. Tuber diameter and
length were assessed using a digital caliper, while the shape
was determined based on the tuber’s length-to-diameter ratio.
Soluble solids were obtained by analyzing the samples using a
digital refractometer (Hanna Hi96801 model’) with automatic
temperature compensation (AOAC, 2005).

The data were subjected to analysis of variance (ANOVA),
and when statistical significance was observed (p <0.05),
a comparison of means was conducted using Tukey’s test.
Principal component analysis with clustering was performed
to explore the interrelationships between variables and factors.
The statistical analyses were carried out using the R statistical
program (R Core Team, 2023).

RESULTS AND DISCUSSION

Application of jasmonic acid (JA) resulted in a 24.28% increase
in chlorophyll a content in radish plants cultivated under severe
salt stress, compared to the control (Figure 1A). Remarkably,
severe salt stress elevated chlorophyll a index in all treatments,
except for plants subjected to cytokinin (CK) and gibberellin (GA)
application. This increase demonstrates the potential of jasmonic
acid to mitigate the adverse effects of salt stress on the production
of chlorophyll a, a critical pigment for photosynthesis and overall
plant performance (Choudhary et al., 2021a). This behavior
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Same uppercase letters do not differ for phytohormones, and same lowercase letters do not differ for salt stress according to the Tukey’s test (p < 0.05). Crl- control, JA- jasmonic
acid, SA- salicylic acid, CK- cytokinin, GA- gibberellic acid, PA- polyamine; Vertical bars represent standard deviation of mean (n= 4)

Figure 1. Chlorophyll a (A), chlorophyll b (B), total chlorophyll (C) indices, and chlorophyll a/b ratio (D) of radish cultivated

under salt stress and phytohormone application

may be linked to the potential of jasmonic acid to enhance
the content of intermediates in the chlorophyll biosynthetic
pathway, including glutamate 1-semialdehyde (GSA), §-ALA,
protoporphyrin, Mg-protoporphyrin, and protochlorophyllide,
resulting in a significant increase in total chlorophyll content
(Qin et al., 2024). Stress conditions trigger the activation of
chlorophyllase, leading to reduction in magnesium absorption
and a decline in RuBisCO activity and synthesis, disrupting plant
photosynthetic performance (Jan et al., 2018; Qin et al., 2024).
Cytokinin promoted a 12.83% increase in chlorophyll b
index, compared to the control (Figure 1B). Furthermore,
severe salt stress increased these indices in all treatments,
except when gibberellin was applied. The total chlorophyll
index exhibited a similar pattern to the chlorophyll a
index (Figure 1C). Cytokinin, even under severe salt stress
conditions, stimulates chlorophyll production in plants (Liu
et al., 2020). This occurs because cytokinins play a central
role in chloroplast development and function, as well as in
chlorophyll biosynthesis, by regulating genes associated with
photosynthesis and protecting plant photosynthetic machinery
and productivity in the face of various environmental stresses,
acting in the safeguarding of photosynthesis at both levels of
photosynthetic reactions (Hudecek et al., 2023). This behavior

underscores that the application of this phytohormone provides
a more significant balance between chlorophyll production
and maintenance in radish plants under salt stress conditions.

The lowest chlorophyll a/b ratio was observed in plants
subjected to cytokinin application and exposed to severe
salt stress (Figure 1D). This could be related to the ability
of this phytohormone to promote a more efficient balance
between chlorophyll production and maintenance under
adverse conditions. Consequently, these results indicate
that the application of jasmonic acid and cytokinin can
play fundamental roles in the adaptation of radish plants to
salt stress, contributing to the maintenance of chlorophyll
production and, consequently, to photosynthetic efficiency and
overall plant performance under adverse conditions.

The application of jasmonic acid resulted in a notable
increase in stomatal conductance (gs) in plants subjected to
salt stress, both moderate (51.46%) and severe (91.23%, Figure
2A). A similar trend was observed for other phytohormones,
such as salicylic acid (with increases of 128.43 and 131.37%,
respectively), cytokinin (with increments of 147.37 and
117.54%, respectively), gibberellin (with increases of 76.61 and
125.00%, respectively), and polyamine (with increases of 43.75
and 139.29%, respectively). In contrast, salt stress induced a
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reduction in stomatal conductance in plants that did not receive
phytohormone application (control).

During abiotic stress, jasmonic acid assumes a multifaceted
role involving various plant responses, including gene
regulation, synthesis of specific proteins, and secondary
metabolism (Singh et al., 2022). It orchestrates the mitigation

of adverse effects induced by environmental stress through
a series of plant responses (Choudhary et al., 2021a). Its
application may have stimulated stomatal opening, leading to
an increase in gs. Phytohormones such as salicylic acid (SA),
cytokinin (CK), gibberellin (GA), and polyamine (PA) can
also influence stomatal regulation, affecting gs (Choudhary et

Vertical bars with the same uppercase letter do not differ for phytohormones, and vertical bars with the same lowercase letter do not differ for salt stress according to the Tukey’s
test (p < 0.05). Crl- control, JA- jasmonic acid, SA- salicylic acid, CK- cytokinin, GA- gibberellic acid, PA- polyamine; Vertical bars represent standard deviation of mean (n= 4)

Figure 2. Stomatal conductance (gs - A), net photosynthesis (A - B), transpiration (E - C), internal CO, concentration (Ci - D),
instantaneous water use efficiency (WUE - E), and intrinsic water use efficiency iWUE - F) of radish cultivated under salt

stress and phytohormone application

Rev. Bras. Eng. Agric. Ambiental, v.28, n.7, €279042, 2024.
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al., 2021b). They can directly act on the physiology of guard
cells, promoting their opening and density, thereby enhancing
gs (Montanaro et al., 2022). Moreover, exogenous cytokinins
often inhibit abscisic acid-induced stomatal closure in various
species (Hudecek et al., 2023).

The application of any phytohormone also led to an
increase in net photosynthesis (A) in plants exposed to salt
stress, whereas no changes were observed in plants without
phytohormone application (Figure 2B). Specifically, jasmonic
acid, salicylic acid, cytokinin, and gibberellin enhanced this
variable in plants subjected to both moderate salt stress, with
increments of 7.20, 33.59, 80.21, and 46.95, respectively, and
severe salt stress, with increments of 11.53, 23.29, 51.90, and
57.29%, respectively, and polyamine increased it by 22.82%.

The increase in gs can result in a higher intake of carbon
dioxide (CO,) into the plant’s leaves (Taiz et al., 2017). This
CO, is essential for photosynthesis, where it is converted into
sugars and other organic compounds. Therefore, the elevated
gs facilitated by phytohormones may have led to greater CO,
availability for photosynthesis. Phytohormones can also directly
influence the activity of enzymes involved in photosynthesis
(Li et al., 2020). The application of phytohormones may have
stimulated these enzymes, making photosynthesis more
efficient even under salt stress conditions. Severe salt stress
can induce oxidative stress in plants, impairing photosynthesis.
Phytohormones possess antioxidant properties and can help
reduce oxidative stress, enabling more effective photosynthesis
(Ali et al., 2020).

Furthermore, phytohormone application had a positive
impact on the transpiration rate (E) of plants subjected to
stress, with jasmonic acid, salicylic acid, cytokinin, gibberellin,
and polyamine increasing this variable in both moderate salt
stress-exposed plants (with increments of 25.15, 65.38, 96.35,
52.01, and 30.63%, respectively) and severe salt stress-exposed
plants (with increments of 41.05, 67.86, 79.35, 75.56, and
77.35%, respectively, Figure 2C). It is important to note that
severe salt stress, represented by a concentration of 100 mM
NaCl, significantly reduced this variable in plants cultivated
without phytohormone application. Another pertinent point
is the increase in internal CO, concentration in response
to salinity, a trend further accentuated with phytohormone
application (Figure 2D).

Phytohormones stimulated stomatal opening in plant leaves
(Figure 2A). This stimulation may have resulted in increased
water loss through transpiration, which is beneficial for plants
under salt stress conditions as it helps regulate temperature
and maintain cell turgidity. However, it can also lead to greater
uptake of ions, such as Na* and Cl". Furthermore, severe salt
stress can cause excessive stomatal closure as a response to
water shortage (Taiz et al., 2017). Phytohormone application
may have alleviated this excessive closure, allowing stomata
to remain more open and thus increasing the transpiration
rate (Arif et al., 2020). The down-regulation of photosynthesis
under salt stress is primarily attributed to a limitation in
RuBisCO activity, which has been identified as one of the major
constraints (Singh et al., 2022).

The increase in gs, as observed with phytohormone
application, may have allowed a more efficient influx of CO,

into the leaves. This would result in a higher internal CO,
concentration, which is essential for photosynthesis. Greater
CO, availability in the leaves can lead to more effective
photosynthesis, which is crucial for energy and biomass
production in plants (Pan et al., 2021). However, higher
intracellular CO, rates might indicate that the plants may not
be efficiently utilizing CO, in photosynthetic processes.

The instantaneous water use efficiency (WUE) decreased
with the application of jasmonic acid, salicylic acid, and
polyamine in plants cultivated under both moderate (14.31,
19.18, and 23.42%) and severe (20.95, 26.56, and 30.52%) salt
stress conditions, respectively (Figure 2E). The reduction in
WUE with the application of these phytohormones in plants
under both moderate and severe salt stress might be related
to their influence on gas exchange and stomatal regulation.
A possible explanation is that the application of these
phytohormones led to increased transpiration (E) in plants,
as mentioned earlier. This could result in greater water loss
relative to the photosynthesis rate (A), leading to a decrease
in WUE.

The intrinsic water use efficiency (iWUE) decreased with
the application of jasmonic acid, salicylic acid, cytokinin,
gibberellin, and polyamine in plants subjected to both
moderate (29.63, 41.08, 26.89, 16.83, and 30.48%) and severe
(41.92, 46.79, 30.25, 30.39, and 48.42%) salt stress, compared
to the control, respectively (Figure 2F). This decrease may be
related to the action of these phytohormones in maintaining
stomatal conductance and net photosynthesis, keeping them
in balance (Silva et al., 2022a).

Severe salt stress had a negative effect on tuber diameter
in radish plants that received phytohormone application,
with the exception of polyamine (Figure 3A). The average
commercial diameter of radish ‘Cometa’ is 20-30 mm (Isla’),
with all treatments reaching this value. This could be attributed
to polyamines serving a protective function due to their
capacity to function as osmolytes or to trigger the generation
and accumulation of additional osmolytes, such as proline,
glycine betaine, and y-Aminobutyric acid (GABA, Silva et al,,
2022b). Remarkably, the application of salicylic acid, cytokinin,
and gibberellin kept this variable stable in plants subjected to
moderate salt stress compared to the control.

Regarding the length of radish tubers, severe salt stress led
to a significant decrease, except in plants that were subjected
to gibberellic acid application (Figure 3B). The average tuber
length of radish ‘Cometa’ is 27 mm (Teixeira et al., 2019), with
all treatments reaching this value. Polyamine application also
increased this variable in plants subjected to moderate salt
stress. It is important to note that the application of salicylic
acid did not influence the shape of radish tubers (Figure 3C).
However, plants cultivated under moderate salt stress and
subjected to jasmonic acid and cytokinin application had
tubers with more reduced shapes compared to the respective
controls. This result suggests that these substances promoted
a more oval shape of the tubers, which could be visually
appealing for this vegetable.

The primary cause of reduced plant growth under salt
stress is a decrease in chlorophyll content, which subsequently
diminishes the photosynthetic capacity of the plants (Singh et
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Vertical bars with the same uppercase letter do not differ for phytohormones, and vertical bars with the same lowercase letter do not differ for salt stress according to Tukey’s test (p
<0.05). Crl- control, JA- jasmonic acid, SA- salicylic acid, CK- cytokinin, GA- gibberellic acid, PA- polyamine; Vertical bars represent standard deviation of mean (n= 4)

Figure 3. Tuber diameter (A), tuber length (B), shape (C), tuber fresh mass (D), and total soluble solids (E) of radish cultivated

under salt stress and phytohormone application

al., 2022). Salt stress affects plants through osmotic and ionic
effects, reducing soil water potential and causing osmotic
stress. This, in turn, lowers water uptake by plants, decreasing
plant water potential, resulting in reduced turgor, stomatal
closure, reduced photosynthesis, and inhibited plant growth
(Hajihashemi et al., 2021). The application of salicylic acid,
cytokinin, and gibberellin may have counteracted the negative
effects of salt stress, potentially by stimulating water uptake

Rev. Bras. Eng. Agric. Ambiental, v.28, n.7, €279042, 2024.

and promoting radial tuber growth. Severe salt stress can also
inhibit longitudinal tuber growth, as reduced water uptake due
to decreased soil osmotic potential caused by salt stress leads
to cellular dehydration and loss of turgor pressure, ultimately
halting growth (Zhao et al., 2021). Salicylic acid application
may have acted as a protective agent against the negative effects
of salt stress, allowing cells to continue elongating even under
high salt concentrations (Ulukapi et al., 2020).
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Severe salt stress led to a significant reduction in the fresh
mass of tubers in all treatments (Figure 3D). The average fresh
mass of radish ‘Cometa’ is 5 g (Teixeira et al., 2019), with all
treatments reaching this value. However, the application of
cytokinin and polyamine increased this variable in plants under
moderate salt stress, while the application of salicylic acid
maintained it stable compared to the respective control for each
phytohormone. The reduction in tuber fresh mass in response
to severe salt stress can be attributed to the challenging nature
of this type of stress on plants. The high salt concentration
in the soil affects water absorption by the roots, leading to a
reduction in cell turgidity and plant growth (Zhao et al., 2021).
This results in smaller tubers with lower fresh mass due to
decreased cell expansion and compromises organ development.
However, the application of cytokinin and polyamine seemed
to have a beneficial effect as it increased the fresh mass of
tubers compared to the control group, which did not receive
these phytohormones. This suggests that these substances
may possess properties that help mitigate the negative effects
of salt stress on plant growth and development. They may
have promoted water and nutrient absorption as well as cell
expansion in the tubers (Zhou et al., 2023), resulting in larger
tubers with higher fresh mass. On the other hand, salicylic acid
appeared to maintain the fresh mass of tubers stable compared
to the control, even under severe salt stress. This indicates that
salicylic acid may have the ability to sustain tuber growth under
challenging conditions, contributing to its stability in the face
of salt stress (Naeem et al., 2020).

The average total soluble solids content of radish ‘Cometa’
is 3.37 °Brix (Sena et al., 2015), with all treatments achieving
this value, except for plants grown without salt stress and under
moderate stress with the application of salicylic acid. Regarding
the total soluble solids content in the tubers, the application
of polyamine led to a significant increase in this variable in
plants subjected to severe salt stress compared to the other
phytohormones and the control (Figure 3E). This suggests that
polyamine plays a crucial role in regulating the accumulation of
soluble sugars under adverse conditions (Silva et al., 2023). On
the other hand, the application of cytokinin kept this variable
constant in tubers subjected to both moderate and severe salt
stress, with values higher than those observed in the control
treatment, indicating its stabilizing effect on the maintenance
of total soluble solids, especially under moderate and severe
salt stress (Azzam et al., 2022).

A principal component analysis with clustering was
conducted (Figure 4). The first two components were able
to account for a total of 64.6% of the variance in the data.
From this analysis, three distinct groups of treatments were
identified. In the first group, treatments included the control
without phytohormone application (Crl0), plants not subjected
to salt stress (0 mM NaCl) with the application of salicylic acid
(SAO0), cytokinin (CKO0), and polyamine (PAO), as well as plants
under moderate salt stress (50 mM NaCl) with jasmonic acid
application (JA50), and plants under severe salt stress (100 mM
NaCl) with jasmonic acid (JA100), salicylic acid (SA100), and
cytokinin (CK100) application. In the second group, plants
subjected to moderate salt stress (50 mM NaCl) with cytokinin
(CK50), polyamine (PA50), and gibberellin (GA50) application

Figure 4. Principal component analysis with clusters of radish
grown under salt stress and phytohormone application

were grouped. Finally, the third group consisted of plants that
grew with jasmonic acid application without stress (JAO), plants
under moderate salt stress (50 mM NaCl) with salicylic acid
(SA50) application and without phytohormone application
(Crl50), as well as plants under severe salt stress (100 mM
NaCl) with salicylic acid (SA100), polyamine (PA100), and
without phytohormone application (Ctl1100).

The chlorophyll a (Chla), chlorophyll b (Chlb), and total
chlorophyll (Chl t) indices had higher values when plants
were subjected to treatments from Group 2, which indicates
that plants in this group had a higher concentration of
these chlorophylls, contributing to greater photosynthetic
efficiency. Additionally, the shape and total soluble solids (TSS)
content were more pronounced in this group, suggesting a
positive relationship between these variables. Gas exchange
parameters, represented by A (net photosynthesis), gs
(stomatal conductance), Ci (internal CO, concentration), and
E (transpiration), were more closely associated with treatments
from Group 3. This indicates that plants in this group exhibited
different responses in gas exchange compared to the other
groups due to the influence of salt stress or phytohormone
application. In contrast, instantaneous water use efficiency
(WUE) and intrinsic water use efficiency (iWUE) were more
related to Group 1. This suggests that plants in this group may
have achieved a better balance between carbon assimilation and
water loss, indicative of an adaptive response to salt stress or
phytohormone application. Finally, tuber fresh mass (TFM),
tuber diameter (TD), and tuber length (TL) were also more
closely related to Group 1, indicating that tuber characteristics
were more influenced by these treatments.

The analysis of treatment groups reveals significant
patterns in the responses of radish plants. In Group 2, the
application of phytohormones such as jasmonic acid and
cytokinin resulted in higher levels of chlorophyll, suggesting an
improvement in photosynthetic efficiency. Additionally, tuber
characteristics, such as shape and total soluble solids (TSS)
content, were also more pronounced, indicating a possible
positive relationship. Group 3 exhibited distinct responses

Rev. Bras. Eng. Agric. Ambiental, v.28, n.7, €279042, 2024.
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in gas exchange, highlighting plant adaptations to salt stress
or phytohormone application. Plants in this group showed
variations in photosynthesis and transpiration rates, possibly as
response mechanisms to stresses. Group 1 displayed a stronger
relationship with water use efficiency (WUE) and intrinsic
water use efficiency (iWUE), indicating an effective balance
between carbon assimilation and water loss. Furthermore,
tuber characteristics were more influenced by these treatments.
These results underscore the complex responses of radish
plants to phytohormone application and salt stress, providing
valuable insights for optimizing cultivation under challenging
conditions.

CONCLUSIONS

1. Under severe salt stress, jasmonic acid and cytokinin
increased chlorophyll contents, mitigating salt-induced
reductions in chlorophyll production.

2. Phytohormones boosted stomatal conductance and net
photosynthesis, even under salt stress and influenced radish
tuber variables.

3. Polyamine increased total soluble solids content in
tubers under severe salt stress, while cytokinin maintained this
content under both moderate and severe salt stress.
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